1. The major aim of this study was to test the hypothesis that nutrient enrichment and the introduction of the Nile tilapia (Oreochromis niloticus), an exotic omnivorous filter-feeding fish, operate interdependently to regulate plankton communities and water transparency of a tropical reservoir in the semi-arid northeastern Brazil. 2. A field experiment was performed for 5 weeks in 20 enclosures (9.8 m 3 ) to which four treatments were randomly allocated: tilapia addition (F), nutrient addition (N), tilapia and nutrient addition (F + N) and a control treatment with no tilapia or nutrient addition (C). A two-way repeated measures A N OVA A N OVA was undertaken to test for time, tilapia and nutrient effects and their interactions on water transparency, total phosphorus and total nitrogen concentrations, phytoplankton biovolume and zooplankton biomass. 3. Nutrient addition had no effect except on rotifer biomass, but there were significant fish effects on the biomass of total zooplankton, copepod nauplii, rotifers, cladocerans and calanoid copepods and on the biovolume of total phytoplankton, large algae (GALD ‡ 50 lm), Bacillariophyta and Zygnemaphyceae and on Secchi depth. In addition, we found significant interaction effects between tilapia and nutrients on Secchi depth and rotifers. Overall, tilapia decreased the biomass of most zooplankton taxa and large algae (diatoms) and decreased water transparency, while nutrient enrichment increased the biomass of rotifers, but only in the absence of tilapia. 4. In conclusion, the influence of fish on the reservoir plankton community and water transparency was significant and even greater than that of nutrient loading. This suggests that biomanipulation of filter-feeding tilapias may be of importance for water quality management of eutrophic reservoirs in tropical semi-arid regions.
Introduction
Biological communities are regulated simultaneously by consumers and resources, but the relative importance of top-down and bottom-up controls can be highly variable and a major goal of community ecology is to understand when, where and why one structuring force is more important than the other. In the pelagic habitats of lakes, it has been hypothesised that the relative importance of top-down (i.e. fish predation) and bottom-up (i.e. nutrient enrichment) controls on plankton would change with latitude, with lower importance of top-down effects at lower latitudes (Lazzaro, 1997; Moss et al., 2004; Stephen et al., 2004; Jeppesen et al., 2007) . One argument is that phytoplankton growth would benefit from extended growing seasons in warm water lakes and, as phytoplankton growth is faster than that of zooplankton, its growth would rather be controlled by nutrient shortage than by zooplankton grazing at lower latitudes (Moss et al., 2004; Stephen et al., 2004) . Another argument is that zooplankton in (sub)tropical lakes, being often dominated by small-bodied species with low grazing pressure, would be less likely to control the development of algal populations than in temperate lakes (Fernando, 1994; Lazzaro, 1987; Jeppesen et al., 2007) . Furthermore, the planktivorous fish stock in (sub)tropical lakes is often dominated by omnivorous species that reproduce throughout the year and are neither controlled by zooplankton availability nor by piscivore predation (Fernando, 1994; Lazzaro, 1997; Jeppesen et al., 2007) . Therefore, the manipulation of fish communities in (sub)tropical lakes would be less likely to indirectly affect phytoplankton growth. Besides, the response of phytoplankton to this perturbation would be less predictable at lower latitudes due to higher levels of fish omnivory.
Omnivory (i.e. feeding on more than one trophic level) can either increase or decrease the biomass of primary producers depending on the relative strength of the direct and indirect effects of the omnivorous predators (Diehl, 1993) . Many (sub)tropical lakes are dominated by omnivorous filter-feeding fish that can affect phytoplankton directly, by selectively consuming larger phytoplankton species (Datta & Jana, 1998; Turker, Eversole & Brune, 2003; Hambright, Blumenhine & Shapiro, 2002; Lu et al., 2006) , but also indirectly by suppressing herbivorous zooplankton, resuspending settled phytoplankton or excreting nutrients in dissolved forms into the water column (Stein, DeVries & Dettmers, 1995; Drenner, Smith & Threlkeld, 1996; Vanni, 2002) . Therefore, while the abundance of large phytoplankton should be inhibited by fish grazing, the abundance of small phytoplankton should be enhanced by filter-feeding fish due to suppression of large phytoplankton, reduction of herbivorous zooplankton and nutrient excretion (Drenner et al., 1996; Figueredo & Giani, 2005; Okun et al., 2008; Rondel et al., 2008) . Hence, the overall effect of filter-feeding fish on total phytoplankton biomass and water transparency can be variable in both strength and direction and depends on the relative strength of these direct and indirect effects.
The strength of planktivorous fish effects on pelagic food webs depends also on lake trophic state (Brett & Goldman, 1997; Pace et al., 1999) . It has been suggested that the enhancement of phytoplankton biomass by planktivorous fish is stronger in oligotrophic than in eutrophic lakes (McQueen, Post & Mills, 1986; McQueen et al., 1989) . However, other studies have demonstrated that changes in the biomass of planktivorous fish produce the greatest cascading effect on phytoplankton in eutrophic lakes (Perrow et al., 1997; Hansson et al., 1998; Meijer et al., 1999; Pace et al., 1999; Jeppesen et al., 2003) . Unfortunately, most work on the interaction between fish and nutrients has focused on visually feeding zooplanktivorous fish and few studies have tried to understand the interaction between nutrients and filter-feeding fish effects on plankton communities (Chumchal & Drenner, 2004; Drenner et al., 1996 Drenner et al., , 1998 . Drenner et al. (1996 Drenner et al. ( , 1998 hypothesised that filterfeeding omnivorous fish interact synergistically with lake trophic state so that the fish effects on phytoplankton biomass and productivity become more intense with increased eutrophication. One mechanism for the existence of synergistic interactions between omnivorous fish and nutrients is that with simultaneous nutrient loading and zooplankton removal by fish, the phytoplankton can grow at a higher rate and reach higher biomass than in the absence of fish. Another mechanism is that nutrient recycling and translocation from benthic to pelagic habitats by omnivorous fish can increase with lake productivity and further increase phytoplankton biomass (Vanni & Headworth, 2004; Vanni et al., 2005) . However, such synergism between nutrient enrichment and omnivorous fish effects implies that the negative effect of fish grazing on phytoplankton is negligible. If fish grazing on phytoplankton is important one could actually expect an antagonistic or no interaction between nutrients and fish since the positive effect of enrichment on algal biomass would be counteracted by the negative effect of fish grazing. Likewise, an antagonistic or no interaction would be expected between nutrients and fish effects on zooplankton if the negative effects of fish predation on zooplankton are attenuated by increased primary productivity with nutrient enrichment.
The present study aims to test the hypothesis that the effects of nutrient enrichment on phytoplankton biomass are enhanced by omnivorous filter-feeding fish, while the nutrient enrichment effects on zooplankton biomass are inhibited by fish. In other words, we aimed to test the hypothesis that nutrients and omnivorous fish interact synergistically to affect phytoplankton and antagonistically to affect zooplankton in a tropical reservoir. We performed a field mesocosm experiment manipulating the presence ⁄ absence of the Nile tilapia, Oreochromis niloticus L., at two levels of nutrient loading. The Nile tilapia is a planktivorous fish native to Africa but has been widely introduced to tropical lakes and reservoirs in Asia and America for aquaculture and fisheries purposes. The species is highly invasive (Canonico et al., 2005; Zambrano et al., 2006) and is probably the most widely distributed exotic fish worldwide after common carp (Cyprinus carpio carpio L.). To the best of our knowledge, this is the first experimental study that has investigated the combined effects of omnivorous fish and nutrients on the plankton community of a tropical freshwater system. Since many tropical lakes and reservoirs suffer from eutrophication and introduction of exotic fish like tilapias, it is crucial to understand how omnivorous fish and nutrients may operate interdependently to regulate plankton communities and the water quality of these ecosystems.
Methods

Study area and experimental design
The experiment was performed from 4 September to 12 October 2006 in a small and shallow reservoir with an accumulation capacity of 433 000 m 3 (V.M.A.
Medeiros, unpubl. data) situated in Seridó Ecological Station in Serra Negra, Rio Grande do Norte, Brazil (06°34¢852¢¢N, 37°15¢519¢¢W). The experiment was carried out in 20 mesocosms with a diameter of 2.5 m and a height of 2 m (c. 9.8 m 3 ). They were placed side by side along the reservoir shore and had a cylinder shape with an iron frame on the bottom and at the top. The walls were made of transparent plastic (thickness: 0.45 mm). The mesocosms were open to the atmosphere and to the sediment but were completely isolated from the surrounding reservoir water. The experimental design consisted of four treatments: tilapia addition (F), nutrient addition (N), tilapia and nutrient addition (F + N) and a control treatment with no tilapia or nutrient addition (C). The treatments were replicated five times and randomly allocated in the mesocosms containing the water and natural plankton community of the reservoir. The mesocosms were free of fish and macrophytes from the beginning of the experiment. The fish (16.59 ± 7.23 cm) were collected at a fish hatching station 25 km from the reservoir and stocked in the treatments F and F + N with a density of 1 fish m )3 . In the treatments with nutrients, 1.14 g of KH 2 PO 4 and 10.88 g of NaNO 3 were added every week to get a final nutrient concentration in the water of the mesocosms of about 100 lg L )1 P-PO 4 and 1000 lg L )1 N-NO 3 .
The experiment lasted 5 weeks and sampling was performed on the first day, just after the stocking of fish into the enclosures and thereafter once every week. The nutrients were added once every week just after each sampling and the stocked fish were weighted at the start and at the end of the experiment. The variables monitored during the experiment, both in the mesocosms and reservoir, were: species composition and relative abundance of phytoplankton and zooplankton, total phosphorus and total nitrogen concentrations, temperature, dissolved oxygen, pH, turbidity and electric conductivity of the water.
Collection and sample analysis
The water samples were collected through a 2 m high PVC channel at three different points in each mesocosm and integrated in a single representative sample, from which subsamples were taken for total nitrogen, total phosphorus and phytoplankton analyses. Zooplankton samples were collected through vertical taws with a plankton net with 20 lm mesh size. The taws were done in the center of each mesocosm and the total volume filtered was about 212 L. The phytoplankton samples were fixed with lugol's solution and the zooplankton samples with 4% formaldehyde. The total phosphorus analysis was done according to the ascorbic acid method after persulphate digestion (APHA 1997), while total nitrogen was analysed as nitrate by the sodium salycilate method (Muller & Weidemann, 1955) after persulphate digestion in alkaline medium (Valderrama, 1981) . The temperature, pH, electric conductivity and oxygen concentrations were measured through a multiparameter analyser U-22 HORIBA (Kyoto, Japan). The water transparency was measured with a Secchi disc.
The zooplankton organisms were counted under a microscope in a 1 mL Sedwick-Rafter chamber. Between three and five subsamples were counted for each sample collected in the field until a minimum of Effects of omnivorous filter-feeding fish 769 100 individuals of each taxonomic group had been counted. Subsequently, the average of the subsamples was taken for each group of organisms counted, this being multiplied by the sample volume (mL) and divided by the subsample volume (1 mL) to estimate the total number of individuals in the sample. Afterwards, the number of individuals in the sample was divided by the water volume (L) sampled in the field to calculate the original density (ind. L )1
) of organisms in the sample. For estimating zooplankton biomass at least 30, randomly chosen individual were measured, from the most abundant species. For rotifers geometrical formulae were used to estimate biovolume (Ruttner-Kolisko, 1977) . Wet weight was estimated from the biovolume of each individual, assuming that 10 6 lm 3 corresponds to 1 lg of wet weight. Dry weight was estimated as 10% of wet weight (Pace & Orcutt, 1981) . Microcrustacean biomass (copepods and cladocerans) was estimated using regression equations relating dry weight and body length according to Bottrell et al. (1976) . The phytoplankton was quantified according to Utermö hl's method (Utermöhl, 1958) under an inverted microscope. Before counting, the samples were allowed to sediment for 3 h for each centimetre height of the chamber (Margalef, 1983) . The individuals (cells, colonies and filaments) were enumerated in random fields as proposed by Uhelinger (1964) , with an error smaller than 20% and a confidence interval of 95% (Lund, Kipling & Lecren, 1958) . To estimate the phytoplankton biovolume at least 25 individuals from each species were measured by applying approximations to similar geometric solids (Hillebrand et al., 1999) .
Statistical analysis
A two-way repeated measures A N O V A
A N O V A , with two levels of nutrients, two levels of fish and five samples collected in each experimental unit was done to test the separated effects of tilapias (F), nutrients (N), time (t) and the interaction effects among these factors (F · N; t · N; t · F; t · N · F) on total nitrogen and phosphorus concentrations and ratio, on phytoplankton biovolume, zooplankton biomass and water transparency. A two-way A N O V A A N O V A was done to test for the separated effects of tilapias, nutrients and the interaction effects between these factors (F · N) on the size of zooplankton species on the last week of the experiment. A paired t-test was used to compare the tilapia biomass at the beginning and end of the experiment. Prior to analyses, data were log (x + 1) transformed to stabilise variances. The significance level assumed was a = 0.05. All statistical analyses were run with S T A T I S T I C A S T A T I S T I C A 7.0 (Statsoft, Inc., Tulsa, OK, U.S.A.).
Results
Abiotic variables
During the experiment, the average values (±1 SD) of water temperature, pH, electric conductivity and dissolved oxygen were 29.62 (±1.13°C), 6.85 (±0.67), 0.085 (±0.002 lS cm )1
) and 5.81 (±0.68 mg L )1 ) respectively, across the 20 mesocosms. The above variables were not affected by either fish or nutrients addition (data not shown) and are described here just by their overall average and SD. Results from the two-way repeated measures A N O V A A N O V A show that there were significant effects of nutrients (N) and tilapias (F) and a significant interaction between these factors (F · N) on the water transparency measured by the Secchi depth (Fig. 1) . The water transparency was reduced due to tilapia addition independently of the nutrient level while the effect of nutrient addition on water transparency was only evident in the absence of tilapia (Fig. 1) . Conversely, no significant effects of nutrients or tilapias nor significant interactions between these factors were found on total nitrogen and phosphorus concentrations and on the ratio between these elements (data not shown). A significant interaction of fish addition with time was found on Secchi depth but not on the concentrations of nutrients (Fig. 2) .
Zooplankton biomass
The zooplankton biomass was dominated by calanoid copepods in all treatments as well as in the reservoir and the genus Notodiaptomus comprised the bulk of the total zooplankton biomass (>75%). The main rotifer genera were: Brachionus, Trichocerca, Filinia, Hexarthra and Keratella, while the main genera of microcrustaceans (cladocerans and copepods) were: Moina, Ceriodaphnia, Diaphanosoma, Thermocyclops and the dominant Notodiaptomus.
The two-way repeated measures A NO V A A N O V A results show that the total biomass of zooplankton and the biomass of rotifers, cladocerans, calanoid copepods and copepod nauplii were negatively affected by tilapias (Fig. 1) . The genera responsible for these significant responses were Filinia, Keratella, Moina and Notodiaptomus (data not shown). However, some effects of tilapia on zooplankton biomass were time dependent (Fig. 3) . Nutrient enrichment had no significant effect on zooplankton biomass, but there was a significant interaction between the effects of nutrients and tilapias on rotifers (Fig. 1) . The biomass of rotifers increased with nutrient addition but only in the absence of tilapia (Fig. 1) . The negative effects of tilapia on copepods and cladocerans biomass were mediated by a decrease in density, because no difference in the individual mean size of the dominant species was found among the treatments (Fig. 4) .
Phytoplankton biovolume
At the beginning of the experiment, the total phytoplankton biovolume in all mesocosms was dominated by cyanobacteria and bacillariophyta. The most representative genera, accounting together for more than 70% of the total phytoplankton biovolume, were Cylindrospermopsis, Aphanocapsa, Synedra, Aulacoseira, Navicula and Micrasterias. During the experiment, the relative abundance of cyanobacteria (mainly Cylindrospermopsis) increased in the treatments with tilapias and in the reservoir, while the relative abundance of bacillariophyta increased in the treatments without tilapias (data not shown). Results from the two-way repeated measures A NO V A A N O V A indicate that there were negative effects of tilapia on the total phytoplankton biovolume, on the biovolume of bacillariophyta, zygnemaphyceae and algae with GALD larger than 50 lm (Fig. 5 ), but some of these effects were time dependent (Fig. 6) . The genera responsible for these significant responses were mainly Synedra and Micrasterias (data not shown). Conversely, the phytoplankton biovolume did not respond to nutrient enrichment and there was no interaction between the effects of tilapia and nutrients on phytoplankton (Fig. 5) . 
Tilapia biomass
The tilapia biomass significantly increased during the experiment in both the F (t = )6.37; P = 0.0031) and F + N treatments (t = )14.46; P = 0.0001), but no difference was found in the initial (t = 1.8689; P = 0.098) or final (t = )0.2725; P = 0.7921) biomass between the treatments (Fig. 7) .
Discussion
Our results indicate that omnivorous filter-feeding fish such as the Nile tilapia can reduce both zooplankton and phytoplankton biomass and still decrease water transparency through mechanisms other than stimulating algal growth. Instead of indirectly enhancing phytoplankton through predation on zooplankton and nutrient excretion, the Nile tilapia reduced the biomass of large algae (GALD >50 lm) and total phytoplankton biomass through direct grazing. Therefore, this widespread omnivorous fish can affect plankton communities in a different way than visually feeding zooplanktivorous fish. Conversely, nutrient enrichment did not affect the biomass of zooplankton and phytoplankton or the plankton community structure, with the exception of rotifers that were enhanced by enrichment, but only in the absence of tilapias. Contrary to our expectation, except for rotifers we found no significant interactions between the effects of tilapia and nutrients on phytoplankton or zooplankton, suggesting that their combined effects can be predicted as the sum of their separate effects. Therefore, the picture that emerges from this experiment is that of a strong effect of fish and a negligible effect of nutrients on the plankton community of this small tropical reservoir. This seems 
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to contradicts the hypothesis of stronger bottom-up than top-down regulation in warmer lakes and reservoirs (Moss et al., 2004; Jeppesen et al., 2007) , but is actually in agreement with the idea that high initial concentrations of nutrients lead to de-emphasis of the importance of nutrient loading in experiments comparable to the present one (Moss et al., 2004) . However, results from previous studies manipulating tilapias suggest that its effects on plankton can be highly variable and context dependent (Diana, Dettweiler & Lin, 1991; Elhigzi, Haider & Larsson, 1995; Starling et al., 1998; Figueredo & Giani, 2005; Attayde & Menezes, 2008; Okun et al., 2008; Rondel et al., 2008) . For example, in a previous experiment carried out in the same reservoir as the one in this study, tilapia selectively consumed large cladocerans and indirectly increased the biomass of edible algae (GALD £50 lm) in a manner analogous to zooplanktivorous fish but had no effect on total zooplankton or total phytoplankton biomass (Okun et al., 2008) . The contrasting results from these two mesocosm experiments in the same system indicate that fish effects can be highly variable from 1 year to another and that experiments need to be repeated more frequently for good understanding of the relative importance of different processes regulating community structure in (sub)tropical as in temperate systems (Moss et al., 2004) . Attayde & Menezes (2008) hypothesised that the size structure of the phytoplankton community may influence the outcome of experiments manipulating 
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omnivorous filter-feeding fish like tilapias. Filterfeeding fish may affect phytoplankton through grazing only when large algae account for a greater proportion of the total phytoplankton biomass as occurred in the present study. Otherwise, the effects of filter-feeding omnivorous fish would apparently not differ from those of zooplanktivorous fish. This study gives support to this hypothesis, but results from two other studies disagree. In two earlier studies, phytoplankton were dominated by colonial chlorophytes or filamentous cyanobacteria, but tilapia had no effect on the biomass of large algae (GALD >50 lm) (Okun et al., 2008; Rondel et al., 2008) . As previously suggested the high initial concentrations of nutrients in the reservoir and in the mesocosms (created by local conditions prior to the experiment) may have affected the outcome of our experiment, leading to de-emphasis of the importance of nutrient loading relative to that of fish. The initial total phosphorus and total nitrogen concentrations in the reservoir and in the mesocosms were about 0.06 and 2.45 mg L )1 respectively, and remained relatively constant over the course of the experiment. The TN : TP ratios were always above 30 : 1, suggesting that limitation for nitrogen was unlikely (Huszar et al., 2006) . Limitation of phytoplankton for light was also unlikely as the depth of the euphotic zone in the mesocoms, roughly estimated as 2.7 times the Secchi depth (Cole, 1994) , was about the same as the mesocosms depth. The TN and TP concentrations in the reservoir and in the mesocosms are typical for reservoirs in the semi-arid region of Brazil (Sousa et al., 2008) , and are also similar to those of other mesocosm experiments in semi-arid warm temperate lakes that have found significant nutrient effects on plankton communities (Fernández-Aláez et al., 2004; Romo et al., 2004) . Therefore, high initial concentrations of nutrients in the reservoir may not be the only explanation for the lack of nutrients effects during our experiment.
The nutrient loading and fish stocking employed may have also affected the outcome of our experiment, leading to de-emphasis of the importance of nutrient loading relative to that of fish. However, our nutrient loading was within the range used in other mesocosm experiments manipulating nutrients and fish in six lakes across Europe Moss et al., 2004) . The fish stocking densities used in our experiment (120 g m )2
) were high compared to the aforementioned experiments, but still within the range found in another Brazilian reservoir (Starling et al., 2002) . Moreover, a previous experiment involving manipulation of a gradient of stocking densities of tilapia revealed that the effects of tilapia on plankton were the same over a range of densities from 30 to 120 g m )2 (Okun et al., 2008) . Therefore, we are confident that our results are not artifacts of our nutrient loading or fish stocking densities. Instead, the lack of phytoplankton response to nutrient enrichment is consistent with a strong topdown control of fish grazing on phytoplankton. Under a strong grazing pressure from fish, the added nutrients did not accumulate in algal biomass and may have been lost to the sediment or sequestered by periphyton attached to the enclosure walls. By having access to feed on the sediment and on the periphyton growing on the walls, tilapia could benefit from nutrient enrichment and could exhibit enhanced growth in the treatment with nutrient addition. However, we found no significant effect of nutrient enrichment on tilapia growth, suggesting that tilapias were not a sink of the added nutrients. Unfortunately, we did not measure periphyton biomass or nutrient concentrations in the sediment during the experiment, but we observed that the periphyton layer on the walls of all enclosures was very thin after removing the mesocosms from the lake at the end of the experiment. Therefore, we believe that the added phosphates might have been lost to the sediment through co-precipitation with calcium carbonate precipitated from calcium bicarbonates dissolved in the water (Stumm & Morgan, 1981) because the reservoirs in the region are characterised by very high carbonate alkalinity values (Bouvy et al., 2000) . The added nitrates might have been lost through denitrification which should be high in the tropics (Lewis, 2000 (Lewis, , 2002 . Besides, the added nutrients may have also been transferred from the water column to the sediment through absorption by organic matter and ⁄ or adsorption to suspended sediment particles (Boströ m et al., 1988; Wetzel, 2001) . Food chain theory (Hairston, Smith & Slobodkin, 1960; Fretwell, 1977; Oksanen et al., 1981; Carpenter et al., 1987; Persson et al., 1992) predicts that the response of phytoplankton biomass to nutrient enrichment depends on food chain length and might increase in the presence of zooplanktivorous fish while remaining unchanged in its absence. Conversely, food chain theory also predicts that zooplankton biomass might increase with nutrient enrichment in the absence of zooplanktivorous fish but remains relatively constant in the presence of zooplanktivorous fish. Our results confirm, to some extent, these predictions since rotifers but not phytoplankton biomass increased with enrichment in the absence of tilapias. However, the prediction that phytoplankton biomass might increase with enrichment in the presence of fish was not supported by our results because tilapia omnivory can exert a direct grazing control on phytoplankton that is not considered by theory. Hence, a major conclusion from our experiment is that current theory fails to predict the response of phytoplankton and zooplankton biomass to manipulations of omnivorous filter-feeding fish. Therefore, omnivory needs to be incorporated into the theory if we are to understand and predict the effects of fish manipulations on the structure and dynamics of pelagic food webs.
Finally, it has been suggested that nutrient control should be a greater priority than fish manipulation in the restoration of eutrophic shallow lakes in warm temperate regions (Moss et al., 2004; Stephen et al., 2004) . However, our results show that the influence of fish on the plankton community and water transparency of a tropical eutrophic reservoir was significant and much stronger than that of nutrients. This suggests that manipulating the stocks of filter-feeding tilapias may be of importance for the water quality management of eutrophic reservoirs in tropical semi-arid regions.
